Abstract. The leaching behavior of an Iranian copper oxide ore in sulphuric acid was investigated in detail to evaluate the in uence of various factors, to optimize the dissolution conditions, and to determine the kinetics of the leaching. The results indicated that the increase in the leaching time and temperature enhanced the leaching rate of copper. The leaching rate increased up to a certain value with increasing the agitation rate, acid concentration, and liquid/solid ratio and, then, reduced with a further increment. Agitaion rate had the highest in uence on the dissolution of copper. The 3D response surface graphs con rmed the interactive e ects of sulphuric acid concentration, agitation speed, and liquid/solid ratio with temperature. About 91% copper content was leached in 13% sulphuric acid concentration, stirring rate of 600 rpm, liquid/solid ratio of 10 mL/g, and 50 C after 80 min leaching. The dissolution kinetics was examined according to heterogeneous models. The shrinking core model, which considers the rate control by di usion through the product layer, was found appropriate enough to describe the dissolution of copper in sulphuric acid solution. The activation energy was obtained to be 26.699 kJ/mol, and the equation representing the leaching kinetics of copper based on the di usion-controlled model was found to be 1 3(1 x) 2=3 +2(1 x) = 161:97 exp( 26:699 10 3 =8:314 T ) t.
Introduction
Copper, as one of the most common and valuable metals applied in industrial elds and every aspects of life, is found mainly in nature in the form of sul de and oxide minerals such as chalcopyrite, chalcocite, malachite, bornite, azurite, chrysocolla, etc. [1] [2] [3] [4] [5] . The copper produced from sul de and oxide copper ores is extracted through pyrometallurgical and hydrometallurgical processes, respectively. Leaching is typically the rst step of any hydrometallurgical process [6] . During the leach- processing, hydrometallurgy, geochemistry, and materials science. Knowledge of the mechanism of dissolution can be of assistance in the design, optimization, and intensi cation of processes for the extraction of copper [8] . For this reason, a great deal of attention has been focused on the study of the behavior and kinetics of leaching. Researches on leaching behavior and kinetics of copper oxide ores have been extensively conducted by di erent lixiviants including mineral acids, such as HCl, H 2 SO 4 , and HNO 3 [7, [9] [10] [11] ; organic acids, such as citric acid and lactic acid [11] [12] [13] ; chlorine [14] ; ammonium hydroxide or ammonium salts including ammonium chloride, ammonium sulfate, ammonium nitrate, ammonium citrate, ammonium acetate, etc. [2, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ; and alkaline glycine solutions [25] . In addition, Deng et al. [26] investigated extraction and dissolution kinetics of copper from a malachite ore by Sulfamic Acid (SA). They indicated that the leaching rate increased with decreasing particle size and increasing concentration, reaction temperature, and stirring speed. In addition, the dissolution kinetics follows a shrinking core model with three-dimensional di usion as the rate-controlling step. Sun et al. [27] investigated the leaching kinetic behavior of copper from low-grade copper oxide ore. They reported that the leaching process by H 2 SO 4 can be described with a reaction model of shrinking core, and the leaching process can be divided into three stages in the system investigated. Moreover, the leaching e ciency of copper can reach up to a level higher than 90%. Although many experimental studies have been performed to gain a better understanding of the leaching process and its operation, there are still few researches concerned with the aim of optimizing the process and kinetics modelling. An accurate understanding of the leaching kinetics helps to interpret the complex behavior of leaching process. Thus, this study aims to investigate and discuss the leaching kinetics and dissolution parameters of oxide copper ore in sulphate solution. In this study, the dissolution kinetics is examined according to the shrinking core models, and the best kinetics model is chosen to describe the leaching process of copper oxide ore. Moreover, an experimental design technique, Response Surface Method (RSM), is employed to model, optimize, and evaluate the e ects and interactions of the in uential parameters on recovery of copper.
Experimental descriptions 2.1. Materials
Copper oxide ore was collected from the Fariman copper mine in Khorasan-e-Razavi province, Iran. The samples were prepared after two stages of laboratory comminution including crushing (jaw crusher) and milling (ball mill). Thereafter, representative samples were analyzed to characterize the main chemical compositions by X-Ray Fluorescence (XRF), in which the results are presented in Table 1 . In addition, the phases of sample were characterized by XRD, in which the main phases identi ed from the XRD pattern for oxide copper included malachite and azurite.
Leaching experiments
Leaching experiments were carried out in a beaker of 500 mL which was heated on a hot plate equipped with a digitally controlled magnetic stirrer and a thermometer for temperature control under di erent conditions. A representative sample (3g) was selected for each leaching test. The leaching liquor was prepared using distilled water and the analytical grade H 2 SO 4 reagent in predetermined concentrations. Then, based on the desired liquid-to-solid ratio, a de nite volume of the solution was poured into the beaker at the required temperature. When the solution reached the desired temperature, sample was added into the beaker and the contents of the beaker were stirred at a certain speed. A 5-mL sample was accurately withdrawn at regular intervals during the reaction and was immediately ltered. Then, the solution was analyzed using a unicam Atomic Absorption Spectrometry (AAS) [28, 29] . The amounts of copper leached were calculated via the following equation:
where R is the recovery percentage of copper and M 0 and M 1 are the mass of copper passing to the solution and mass of copper in the ore sample, respectively.
3. Results and discussion 3.1. E ect of stirring speed
The e ect of stirring rate on the leaching of copper was investigated using di erent agitation speeds that ranged from 200 to 700 rpm. While conducting experiments, the values of other experimental parameters were kept constant at 30 C, liquid/solid ratio of 10 mL/g, and acid concentration of 10%. The results obtained are plotted in Figure 1 . The results indicate that the agitation has a more pronounced e ect on the dissolution of copper with H 2 SO 4 . As shown in Figure 1 , the maximum copper leaching rate (74.43%) was obtained at stirring speed of 500 rpm after 75 min of dissolution. An increase in stirring speed usually increases the leaching rate of copper due to the suspension of the mineral particles and decreases the thickness of the mass transfer boundary layer on the surface of the particle [30] . Based on this behavior, leaching can be also in uenced by a speci c range of stirring speeds. In kinetic terms, a higher stirring speed accelerates di usion and enables homogeneous mixing of the liquid and solid phases in the reactor, which can promote the reaction [13] . Thus, a stirring speed of 500 rpm was used thereafter to assure that the leaching reaction was not under external di usion control. However, the di usion as the controlling step cannot be eliminated, and the leaching process can be controlled by the surface reaction, or the solid internal di usion, or both of them.
E ect of Liquid-to-Solid (L/S) ratio
To study the e ect of pulp density or Liquid-toSolid (L/S) ratio on the dissolution rate, experiments were performed with three di erent ratios (6, 10, and 20 mL/g). During the experiments, the leaching temperature, sulphuric acid concentration, and agitation rate were kept constant at 30 C, 10%, and 500 rpm, respectively. Data shown in Figure 2 indicate that the dissolution rate of copper increases with increasing L/S ratio to a certain amount and, then, reduces with a further increment; moreover, a Liquid/Solid (L/S) ratio of 10 mL/g is found to be optimal for leaching of copper using H 2 SO 4 . This can be explained in a way that the leaching agent is in excess of the calculated amount for the extraction of copper. After 75 min of dissolution, the amounts of copper extracted from the oxide ore were 57.37, 74.73, and 66.71% at L/S ratios of 6, 10, and 20 mL/g, respectively.
E ect of acid concentration
To investigate the e ect of acid concentration on the leaching rate of copper, experiments were performed with H 2 SO 4 at a temperature of 30 C, stirring rate of 500 rpm, L/S of 10 mL/g, and contact time of 75 min. In this study, the e ect of acid concentration was evaluated by regulating the concentration to 10, 15, and 20%, in which the results are given in Figure 3 as a fraction of leached copper versus leaching time. It was observed that the dissolution rate of copper increased meaningfully by increasing the H 2 SO 4 concentration up to a certain value and, thereafter, reduced. This behavior takes place due to certain variations in the leaching mechanism and varying acid concentrations (for example, mechanism varying from surface chemical reaction to di usion). The maximum dissolution of copper was obtained as 77.25% with acid concentration of 15%. In addition, this could be because copper particles exposed to sulphuric acid reduced after a certain time and in a certain concentration (75 min and 15% in this experiment), and, nally, decreased the recovery of copper. On the other hand, there are a lot of CaO and SiO 2 in the copper oxide ore in this work; consequently, the silica gel can be produced in a sulfuric acid leaching system, which may increase acid consumption.
E ect of temperature
The e ect of leaching temperature on copper leaching yield was evaluated in an acid concentration of 15%, L/S ratio of 10 mL/g, and stirring speed of 500 rpm. The result shown in Figure 4 indicates that the dissolution rate increases with an increase in leaching temperature from 74.73% at 30 C to 87.02% at 50 C in 75 min, for example. As expected, the leaching temperature played an important role in dissolution. However, the impact of temperature on the copper leaching rate is not very large during contact time of 75 min (from 40 to 50 C), suggesting that the dissolution process may be controlled by di usion reaction. In fact, it is observed that with a further increase of the temperature and time, the leaching rate of copper increases intermediately.
Identi cation of the leaching mechanism
The reaction occurring between copper oxide ore particles and sulphate solution during the leaching process is a typical example of heterogeneous liquid-solid reactions. In heterogeneous reaction systems, most reactions follow a Shrinking Core Model (SCM) which approximates the dissolution of real particles [31] . According to this model, it can be concluded that the leaching process in H 2 SO 4 solution involves: (i) Transport of H 2 SO 4 from the bulk solution to the particle surface; (ii) Di usion of H 2 SO 4 through the solid residual layer from the particle surface to the surface of unreacted core; (iii) Reaction between H 2 SO 4 and oxide ore on the surface of the unreacted core; (iv) Di usion of the resultants through the solid residual layer from the reaction interface to the particle surface; (v) Transport of the resultants from the particle surface to the bulk solution [28, 29, 32] .
Generally, this model expressed below described equations [11, 19, 31] . This model assumes that the reaction between solid and liquid reactants occurs on the outer surface of the solid particle, and the reacting particles are spherical whose size does not change during reaction [23] .
If the leaching rate of the particle is controlled by liquid lm di usion, the kinetic equation can be expressed as in Eq. (5):
If the leaching rate is controlled by di usion through a product layer, the kinetic equation is:
If the leaching rate is controlled by a surface chemical reaction, the kinetic equation is:
where x is the fraction of lead reacted, t is the reaction time (min or h), and k is the apparent rate constant (min 1 or h 1 ). The rate of the process is controlled by the slowest sequential steps.
To determine the kinetic parameters and ratecontrolling step of copper leaching in the sulphuric acid solution, the data obtained in the leaching experiments were analyzed based on the shrinking core model equations. By applying the rate expression in Eqs. (5)- (7) to the experimental data obtained, the apparent rate constants were calculated. To obtain the apparent rate constants of each step, the left sides of Eqs. (5) to (7) were plotted against time, whose results are shown in Figure 5 . From the slopes of the straight lines, the apparent rate constants (Figure 5(a)-(c) ), k, were evaluated, and the rate constants calculated from the slopes of the straight lines and their correlation coe cients are given in Figure 5 .
As observed, all three models have good linear ts and their R 2 values are close to each other. Therefore, it is di cult to distinguish between these reaction models. Another important parameter that can be used to justify the rate-determining step in hydrometallurgical process is activation energy [33] . Hence, the activation energy describing the temperature dependence of the reaction rate constant was employed to investigate the dissolution kinetics of copper and determine the ratecontrolling step of leaching rate. The activation energy was calculated based on the Arrhenius equation:
where k is the reaction rate constant (min 1 ), A is the frequency factor (min 1 ), Ea is the activation energy of the reaction (J.mol 1 ), R is the universal gas constant (8.314.JK 1 .mol 1 ), and T is the leaching temperature in Kelvin (K). Arrhenius equation was plotted as Ln(k) versus (1=T ) for each temperature, and the activation energies were calculated from the slopes of straight lines where the slope is Ea=R. For example, the Arrhenius plot (Ln(k) versus 1=T ) of copper dissolution in H 2 SO 4 solution based on the di usion models is shown in Figure 6 . The values of activation energies and frequency factor calculated from Arrhenius equation and reaction rate constants are presented in Table 2 .
As considered in Table 2 , the activation energies calculated for dissolution of copper in sulphuric acid solution based on uid lm di usion, di usion through a product layer, and surface chemical reaction are 11.47, 26.69, and 16.25 kJ/mol, respectively. These small values indicate that the leaching rate is controlled by di usion process [29, 30, 34] . In addition, the e ects of stirring rate and temperature con rm that a di usion process controls the dissolution reaction. However, it does not imply that the rate of process is de nitely controlled by di usion through the uid lm or through the product layer. However, the agitation speed had the pronounced e ect on the dissolution of copper, and the leachability increased with increasing agitation rate up to 500 rpm; in contrast, at stirring speeds exceeding 500 rpm, the agitation rate showed a decreasing e ect. This indicates that the dissolution process does not seem to be controlled by mass transfer through the liquid lm; however, the possible change in solution viscosity may be brought about by silica gel formation in the sulfuric acid leaching system due to the presence of high values of CaO (24.25%) and SiO 2 (37.04%) in the copper oxide ore investigated. Consequently, the equations representing the kinetics of leaching process of copper oxide ore can be expressed 
E ect of interaction between factors and RSM
To investigate the interactive e ects and optimize the important factor a ecting the copper leaching process, a series of experiments (29 runs including 10 axial points, 16 fractional factorial points, and 3 replicates at the center; N = 2 (5 1) + 2 5 + 3 = 29) were designed according to Central Composite Design (CCD) implemented with Response Surface Methodology (RSM). Table 3 shows the experimental data and the responses measured for each experiment in CCD matrix selected. In order to describe the behavior of factors in the leaching process, it is rst necessary to choose a suitable model. Hence, a quadratic polynomial model (Eq. (10)) was developed [35] , following the removal of insigni cant terms, to predict the leaching rate of copper (R Cu ) and determine the important terms. The analysis of variance (ANOVA) was also used to determine the adequacy of the model and predict the main interaction and quadratic e ects of all factors as shown in Table 4 . Based on the ANOVA of the quadratic regression model (Table 4) , Eq. (10) which was suggested for the real relationship between the dissolution rate of copper and the signi cant variables is a highly signi cant model at a 95% con dence level (P < 0:0001): 
where A is sulphuric acid concentration (%), B denotes agitation speed (rpm), C depicts liquid-to-solid (L/S) ratio (mL/g), D represents temperature ( C), and E is leaching time (min). In order to gain the interactive e ects and a better understanding of the main e ects of factors on the dissolution of copper, three-dimensional response surface and interaction plots were constructed based on the suggested regression model (Eq. (10)) as shown in Figures 7 and 8 . Figure 7(a)-(c) indicate the 3D response surface graphs for the relationship between two factors when the other three factors were held at their center levels.
Based on Table 4 , the ranking of the signi cant terms is as follows: B > C > D > D 2 > BD > E 2 > AD > E > A 2 . Thus, it is also observed that agitation speed and L/S ratio are the most in uential factors and have a major role in the copper dissolution process. This con rms the previous results and that the transport (di usion) process may be the ratecontrolling step in the leaching system investigated.
According to Figures 7 and 8 , temperature has the most interactive e ect on copper recovery. As can be seen, at high levels of temperature (50 C), increasing the sulphuric acid concentration and L/S ratio results in reducing the copper leaching rate (Figures 7(a) and 8(a) ), whereas, at low levels (30 C), the increment in the acid concentration and L/S ratio, respectively, leads to a slight increase and a sharp decline of copper recovery (Figures 7(c) and 8(c) ). The in uence of agitation speed became more apparent when the temperature (Figures 7(b) and 8(b) ) was also high. Therefore, it can be generally concluded from the presented model and response surface plots that the copper leaching recovery depends strongly on the interaction among factors with temperature. These ndings are consistent with the conclusions obtained previously.
Optimization
The leaching process of copper oxide ore investigated was optimized using Design Expert (DX) software (Demo v. 7.0.0, Stat-Ease, Inc.) within the experimental range studied. Table 5 implies optimum conditions suggested by Design Expert software. Three con rmation experiments were also conducted in the predicted optimum conditions to maximize copper leaching recovery, in which the average of three extra tests is reported in Table 5 . The con rmatory experiments indicate the suitability and accuracy of the model. As considered, the optimal point is found to be 13% for sulphuric acid concentration, 600 rpm for stirring speed, 10 mL/g for liquid/solid ratio, and 50 C for duration of 80 min. Under these conditions, the recovery of copper was achieved to be about 91%.
Conclusions
The leaching process behavior of an Iranian copper oxide ore was investigated in three phases within the current work. In the rst and second phases, the in uence of various factors was investigated in detail by a classical approach of one variable at a time; subsequently, the optimal conditions for the dissolution and the interactive e ects among factors were exactly determined using response surface methodology combined with a central composite design. The results indicated that agitation speed and L/S ratio were the most in uential factors and had a major role in the copper dissolution; moreover, it was also an indication of the di usion-controlled process. The dissolution rate of copper increased with increasing the temperature and leaching time, while, with increasing the agitation rate, acid concentration and liquid/solid ratio enhanced up to a certain amount and, then, decreased with a further increment. The ANOVA and 3D response surface plots were employed to determine the interactive e ects between factors, and it was found that temperature had the most interactive e ect on copper leaching rate. The ndings con rmed the interaction among the sulphuric acid concentration, agitation speed, and liquid/solid ratio with temperature. In addition, the results showed that the maximum copper recovery (91%) could be obtained in 13% sulphuric acid concentration, stirring rate of 600 rpm, liquid/solid ratio of 10 mL/g, temperature of 50 C, and leaching time of 80 min. In the third phase, the dissolution kinetics of copper oxide ore was examined according to heterogeneous model, and it was found that the dissolution rate was controlled by a di usion process with the activation energy of 26.86 kJ/mol. A closer look indicated that the di usion through the product layer was the ratecontrolling step during the dissolution, and the leaching kinetics can be described by the following equation: 
